Tolclofos-methyl (I) [Rizolex, O, phosphorothioate] is an organophosphorus fungicide effective for the control of soil-borne diseases in sugar beet, potato and lettuce caused by Rhizoctonia solani, Corticium rolfsii, Typhula incarnata and Typhula ishikariensis.
INTRODUCTION

Tolclofos-methyl (I) [Rizolex, O,O-dimethyl O-(2,6-dichloro-
4-methylphenyl) phosphorothioate] is an organophosphorus fungicide effective for the control of soil-borne diseases in sugar beet, potato and lettuce caused by Rhizoctonia solani, Corticium rolfsii, Typhula incarnata and Typhula ishikariensis. 1) Since the typical use pattern of I is seed treatment or direct soil application, its metabolic pathways in plants after foliar application have not been examined. Studies of the metabolism of organophosphorus pesticides in plants have revealed cleavage of the P-O-aryl linkage and Odealkylation to be among the most predominant metabolic pathways.
2) Oxidative desulfuration at the PϭS moiety and oxidation at thioalkyl, alkyl and aryl motifs are known to occur in this class of pesticides and a photo-induced thionothiolo rearrangement has also been detected. However, the polar conjugated metabolites of organophosphorus pesticides and/or their primary metabolites with natural components in plants have not been fully investigated. Although their chemical structures were determined based on those of aglycons released by acid or enzymatic hydrolysis, recent progress in LC-MS and NMR spectroscopies has enabled us to directly obtain structural information. By using these techniques, we have recently identified the cellobiose conjugate of 3-methyl-4-nitrophenol, which was degraded from fenitrothion in tomato. 3) This paper deals with the metabolism of I in lettuce following a foliar application. The metabolic pathway was examined by applying extensive spectrometric analyses.
MATERIALS AND METHODS
Chemicals
Non-radiolabled tolclofos-methyl (I), [2,6- (2,6-dichloro-4-methylphenyl) phosphorothioate] (V) were synthesized in our laboratory according to reported methods. 4) The glucose conjugate of II [2,6-dichloro-4-methylphenyl b-D-glucopyranoside] (VI) was also synthesized by modifying the procedure reported by Sinnott and Souchard 5) ; 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (Kanto Kagaku, 411 mg) dissolved in 4 ml of acetone was mixed with 5 ml of a 1 M NaOH solution of II (177 mg) and stirred overnight at room temperature. The combined chloroform extracts from the reaction mixture were washed with 1 M NaOH followed by water and then filtered through silicone-treated filter paper with anhydrous MgSO 4 . The crude glucoside obtained by concentration of the filtrate was dissolved in hot ethanol at 60°C and successively purified by re-crystallization at room temperature to yield 2,6-dichloro-4-methylphenyl b-glucopyranoside tetraacetate (33.5 mg). Cleavage of the protective groups was conducted by treating 5 mg of the crude product in 0.5 ml of methanol with 6.5 ml of 28% sodium methoxide at 50°C for 10 min. The reaction mixture was neutralized and then purified by the HPLC method: 0.01% trifluoroacetic acid (Solvent A) and acetoni-The metabolic fate of tolclofos-methyl labeled with 14 C at the phenyl ring was studied in greenhouse-grown lettuce after a single application to leaves at two different rates (75 and 750 g a.i./ha). At 7 days after the application, more than half of the recovered 14 C was detected as unaltered tolclofos-methyl. In the lettuce, tolclofosmethyl mainly underwent cleavage of the P-O-aryl linkage and oxidation of the aryl methyl group, followed by a rapid formation of malonylglucose and glucose conjugates, respectively. The chemical structure of the malonylglucose conjugate was determined by LC-ESI-MS and NMR analyses of the metabolite isolated from leaf discs of lettuce treated with the corresponding trile (Solvent B): 0 min, %A-%B, 90-10; 40 min, %A-%B, 10-90; 40.1 min, %A-%B, 0-100; 50 min, %A-%B, 0-100. The chemical structure of VI was confirmed by 1 I and II uniformly labeled with 14 C at the phenyl ring were synthesized in our laboratory according to reported methods. 6) The specific activity and radiochemical purity of I and II were 8.32 MBq/mg and 98.9%, and 8.69 MBq/mg and Ͼ98%, respectively. Cellulase (EC 3.2.1.4) purchased from Wako Pure Chemical Industries Ltd. (Osaka) was used for the enzymatic hydrolysis of sugar conjugates. Other reagents were of the purest grade commercially available.
dichloro-4-methylphenol] (II), [O,O-dimethyl O-(2,6-dichloro-4-hydroxymethylphenyl) phosphorothioate] (III), [O,O-dimethyl O-(2,6-dichloro-4-methylphenyl) phosphate] (IV) and [Omethyl O-hydrogen O-
Spectroscopy
1 H NMR spectra were measured with a Varian Unity 300 FT-NMR spectrometer operating at 299.94 MHz with a 4-Nucleus auto NMR probe, using tetramethylsilane (TMS) as an internal standard (dϭ0.0 ppm). Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) in a negative ion mode was performed using a Thermofinnigan TSQ spectrometer equipped with an Agilent 1100 series liquid chromatography. Samples dissolved in acetonitrile were automatically injected into an ESI source through a Sumipax ODS A-210 column (150 mmϫ2 mm i.d., 5 mm, Sumika Chemical Analysis Service, Ltd., Osaka) at a flow rate of 0.2 ml/min with an isocratic mobile phase of acetonitrile/0.01% formic acid in water (28/72, v/v). Liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry (LC-APCI-MS) in a negative ion mode was performed using a Hitachi M-1000 spectrometer equipped with a Hitachi 6000 series liquid chromatography. Samples dissolved in methanol were manually injected into an APCI source at 300°C through a Sumipax ODS A-212 column (150 mmϫ6 mm i.d., 5 mm, Sumika Chemical Analysis Service, Ltd., Osaka) at a flow rate of 1.0 ml/min with an isocratic mobile phase of acetonitrile/0.01% formic acid in water (25/75, v/v).
Radioassay
Radioactivity in the liquid extracts and the surface rinse from plants was determined by mixing each aliquot with 10 ml of Packard Emulsifier Scintillator Plus and analyzed by liquid scintillation counting (LSC) with Packard Model 1600TR and 2000CA spectrometers equipped with an automatic external standard. The background level of radioactivity in LSC averaged 30 dpm and was subtracted from the values for measured samples. Radioactivity in the unextractable residues from the treated plants was measured by using a Packard Model 306 Sample Oxidizer. Unextractable residues were air-dried at room temperature overnight and weighed with a Mettler model AE240. Aliquots of these dried samples were subjected to combustion. The 14 CO 2 produced was absorbed by 9 ml of Packard Carb-CO 2 absorber, mixed with 15 ml of Packard Permafluor scintillator, and the radioactivity was quantified by LSC. The efficiency of combustion was determined to be greater than 90%.
Chromatography
High performance liquid chromatography (HPLC) was conducted by using a Hitachi L-6200 Pump linked in series with a L-4000 UV detector and a Packard Flow-one/Beta A-120 radio detector equipped with a 500-ml liquid cell where Ultima-Flo AP (Packard) was utilized as scintillator. A Sumipax ODS A-212 column (150 mmϫ6 mm i.d., 5 mm, Sumika Chemical Analysis Service, Ltd., Osaka) was employed for both analytical and preparative purposes at a flow rate of 1.0 ml/min. The following gradient system was used for the typical analysis of metabolites with 0.01% trifluoroacetic acid Thin-layer chromatography (TLC) was conducted using silica gel 60 F 254 thin-layer chromatoplates (20ϫ20 cm, 0.25-mm thickness, E. Merck). The following solvent systems were used for development: toluene/ethyl formate/formic acid, 5/7/1 (v/v/v); toluene/acetic acid, 7/1 (v/v). The non-radiolabeled reference standards were detected by exposing TLC plates to iodine vapor. Autoradiograms were prepared by exposing TLC plates to a BAS-IIIs Fuji Imaging Plate for several hours. The radioactivity on an imaging plate was detected by using an Amersham Variable Mode Imager Typhoon 9200. Retention times and R f values of I-VI, malonyl conjugate of VI (VII) and glucose conjugate of III (VIII) are summarized in Table 1 .
Plant Material, Maintenance and Treatment
Seedlings of lettuce (Lactuca sativa, cv. King crown) grown until the 3 to 4-leaf stage in a seed tray filled with Takarazuka soil were transplanted to 0.02-m 2 wagner pots. The plants were grown in a greenhouse at 20°C during the day and 18°C at night and were appropriately watered until harvest (for approximately 3 months). Although the regular application rate is 750 g a.i./ha, the metabolic study was also conducted at an application rate of 75 g a.i./ha in order to emphasize the generation of metabolites in lettuce. The acetonitrile solutions of [ 14 C]-I isotopically diluted with non-radiolabeled I by 9-fold (75 g a.i./ha) and 90-fold (750 g a.i./ha) were prepared at concentrations of 0.38 and 3.8 mg/ml, respectively. The surface area of the lettuce was geometrically estimated to be 50 cm 2 per leaf on average. The acetonitrile solution of [ 14 C]-I was topically applied once at rates of 75 and 750 g a.i./ha to the lettuce leaves using a microsyringe with a pre-harvest interval (PHI) of 2 and 7 days. In order to collect enough conjugated metabolites for acid or enzymatic hydrolysis and spectroscopic analyses (LC-MS and NMR), additional metabolic experiments were conducted using leaf discs of excised leaves treated with [
C]-I and [
14 C]-II as starting materials. Seventy leaf discs were prepared from the expanded leaves using a sharp cork borer (i.d. 10 mm) and immediately transferred to a 100 ml Erlenmeyer flask containing [
14 C]-II in distilled water (100 ml) at a concentration of 50 mg/l. The bottles were sealed with parafilm and incubated for 3 days. In the case of [
14 C]-I, ten leaf discs similarly prepared were exposed for 4 days to an aqueous solution of 0.1 mg/l (water solubility of I, 1.1 mg/l at 25°C 7) ). The conditions for incubating leaf discs were the same as those for the experiment in vivo on metabolism.
Extraction of Leaves and Isolation of Metabolites
The lettuce leaves topically applied with [ 14 C]-I were sampled at 2 and 7 days after the treatment. The harvested samples were weighed and stored in a freezer (ϽϪ20°C) until the analysis was conducted. The leaves were first rinsed with acetonitrile (40 ml per leaf) to remove the external radioactivity, then cut into small pieces and homogenized in acetone/water (4/1, v/v) at a ratio of 20 ml per gram of plant material, using a Nissei Excel Auto Homogenizer at 10,000 rpm for 10 min. The mixture was filtered under suction and the residue was extracted two additional times in the same way. The extract and surface rinse were radioassayed and then individually concentrated to dryness in vacuo. Each of them was reconstituted in a small volume of organic solvent and subjected to HPLC and TLC analyses. Unextractable residues were air-dried in open vessels at room temperature overnight and sub-samples of the dried residues were subjected to a combustion analysis to determine the remaining radioactivity.
The leaf discs incubated with [
C]-I or [
14 C]-II were extracted in the same way as leaves in vivo without a surface rinse. The extracts were concentrated to dryness in vacuo and re-dissolved in a small volume of acetonitrile. The objective metabolites were isolated from each extract with HPLC methods 1 and 2, respectively, by collecting the eluates manually or using an Advantec SF-2120 fraction collector. In the case of extracts originating from [ 14 C]-II, the combined fractions of eluates were evaporated to dryness, dissolved in acetonitrile and further applied onto a GL Science Sep-cartridge-carbograph. The eluate obtained with acetone was subjected to an additional solid-phase extraction using a Waters Sep-pak C18 cartridge. The concentrated sample was applied to the cartridge with distilled water and eluted with methanol.
Identification of Metabolites
Identification of each metabolite was first conducted by HPLC and TLC co-chromatographies with non-radiolabeled reference standards (I-VI). Those metabolites that did not match with any reference standard were subjected to acid hydrolysis in 1 M hydrochloric acid at 80°C for 2 hr and enzymatic hydrolysis by cellulase at 37°C overnight in 10 mM phosphate buffer at pH 5.
8) The hydrolysates were similarly subjected to HPLC and TLC co-chromatographies. Furthermore, the metabolites produced and isolated in greater quantities using leaf discs were subjected to LC-ESI-MS and NMR analyses to determine their chemical structures.
RESULTS
Distribution of Radioactivity in Lettuce
The proportion of radioactivity recovered in the treated leaves was 26.8-28.7 and 67.1-90.3% at application rates of 75 and 750 g a.i./ha, respectively. The unrecovered 14 C at harvest was most likely to be lost by vaporization considering the vapor pressure of I (57 mPa at 20°C 7) ). The distribution of radioactivity and metabolites in the surface rinse, extracts and unextractable residues of the leaves treated with [
14 C]-I is summarized in Table 2 . Most of the applied radioactivity, 68.7-75.8% (75 g a.i./ha) and 88.9-91.7% (750 g a.i./ha) of total radioactive residue (TRR), respectively was recovered in the surface rinse. The unextractable 14 C amounted to less than 4.2% TRR in any case. The main component was found to be intact I (66.6-91.7% TRR) with trace amounts of unknown metabolites in the surface rinse. When the PHI was taken as 2 days, the major component in the extracts was I (7.7-14.6% TRR) with other metabolites being detected below 3.59% TRR. Meanwhile, at a PHI of 7 days, VII (2.4-11.4% TRR) became a major component in the extracts together with VI and VIII (Ͻ3.03% TRR). Neither II nor III was detected in the extracts although they were considered primary metabolites of I, indicating a rapid formation of conjugated metabolites. The oxon derivative (IV) and O-
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Identification of Metabolites
The chemical structures of I and VI were confirmed by HPLC and TLC co-chromatographies of the metabolites in extracts with the corresponding synthetic standard. Furthermore, both acid and enzymatic hydrolysis of VI resulted in the quantitative release of II, as evidenced by HPLC co-chromatography. From discs of the excised leaves treated with [ 14 C]-II, VII was detected as a major residue (80.9% TRR) after 3-days incubation and 0.9 mg of pure VII was finally isolated. Metabolite VII obtained from the leaf discs was confirmed to be identical with that from intact lettuce leaves by HPLC cochromatography (method 1). To characterize the conjugation profiles, VII isolated from the extracts was first subjected to cellulase hydrolysis but no aglycon was released. On the other hand, VII isolated from the leaf discs was gradually converted to VI when stored in a refrigerator at 4°C for two weeks. Furthermore, acid hydrolysis of VII quantitatively gave II, as demonstrated by HPLC co-chromatography. These results strongly suggested that VII is a conjugated metabolite of VI with other natural components. The ESI mass spectrum of VII obtained in the negative ion mode is shown in Fig. 1 CD 3 CN, d ) spectrum of VII showed the presence of one aryl methyl group at 2.30 ppm and two aromatic ring protons at 7.23 ppm (Fig. 2) . The proton signals of the malonyl glucose moiety were assigned as follows. The methylene protons of glucose in VII (signal 9 in Fig. 2 ) were detected at 4.26 ppm having shifted downfield by about 0.7 ppm as compared with those of glucose due to an ester linkage with malonic acid. 9) Other methylene protons in the malonic acid moiety (signal 10 in Fig. 2 ) were observed at 3.29 ppm as singlets. An anomeric proton (signal 4 in Fig. 2 ) was detected as a doublet at 5.04 ppm with a coupling constant of 7.2 Hz, clearly demonstrating the b-glucoside structure in VII. 10, 11) The remaining four methine protons (signals 5-8 in Fig. 2 overlapped with each other at 3.3-3.6 ppm.
12)
Metabolite VIII used for chemical identification was collected from the leaf discs of lettuce treated with [
14 C]-I. I was detected as a major component in the extract (67.1% TRR) and the metabolites VII and VIII accounted for 8.74% and 11.7% TRR, respectively, with minor components making up less than 4.6% TRR. Metabolite VIII obtained from the leaf discs was confirmed to be identical with that from the intact leaves by HPLC co-chromatography (method 1). To characterize the conjugation profile, VIII isolated from the extract was subjected to cellulase and acid hydrolysis. All of VIII was quantitatively converted to III, clearly demonstrating that VIII is a glucose conjugate of III. Spectroscopic identification of VIII failed as an insufficient amount was collected from the leaf discs.
Based on these results, the metabolic pathway of I in lettuce after a foliar application is proposed in Fig. 3 .
DISCUSSION
Enzymatic and acid hydrolysis to release an aglycon and direct spectroscopic analyses of metabolites implied that I primarily underwent cleavage of the P-O-aryl linkage or hydroxylation of the aryl methyl group similarly to other organophosphorus pesticides in plants. Although these metabolites were detected in rats and mice, 4) water and soil surface, 13, 14) no trace could be detected in lettuce leaves. I was found to undergo little O-demethylation, one of the most common metabolic pathways among O,O-dimethyl phosphorothioates in plants. 2) No detection of these metabolites but with formation of VI-VIII showed a high ability of conjugate formation in lettuce leaves. Lamoureux and Rusness 15) have reported that aromatic moieties of xenobiotics are easily conjugated with carbohydrates, e.g. glucose, via linkages with NH 2 , OH, or COOH attached to the aromatic ring. A similar rapid conjugation with sugars has been recently reported for fenitrothion in tomato.
3) A comparison of the distribution of sugar conjugates at a PHI of 2 and 7 days, revealed that Oglucosylation is favored at the phenolic OH group rather than the alcoholic OH group. The total amount of the former conjugates as % TRR (VI and VII) at a PHI of 7 days was approximately 5-fold more than that of the latter (VIII) at both application rates. Significantly less formation of VI than VII indicates that the subsequent conjugation of VI with malonic acid occurs more rapidly than the O-glucosylation. It has been reported that malonylglucose conjugates are more common in cabbage than other plants [16] [17] [18] with higher levels as compared with glucose conjugates, 19) which is good agreement with our observation. Koester et al. 20) have reported that a malonyltransferase catalyzing the malonylation of glucose conjugates of isoflavone derivatives exhibits substrate specificity. Therefore, the absence of a malonyl conjugate of VIII was considered due to the substrate specificity of the malonyltransferase in the lettuce leaves. On the foliar application of I, VII and VIII, a much lower % TRR was observed at the higher rate than lower one. It may be that an excess amount of I precipitated in the wax layer of the leaves and much less I was available for the penetration of tissues and metabolic conversion. The glucose-6Љ-O-malonate has been reported to be unstable under conditions typically used for the isolation of residues. 21, 22) The VII isolated from the leaf discs was also degraded into the glucose conjugate VI within two weeks when dissolved in acetonitrile at 4°C. Furthermore, the hydrolytic susceptibility of the b-glucosidic bond could be estimated in our study. The quantitative release of II from VI and VII by acid hydrolysis could be accounted for by the reactivity of 4-methyl or 2,6-dichlorophenyl b-glucopyranosides.
23) The facile acid hydrolysis of VIII to III was also consistent with the facilitated acid hydrolysis of benzyl b-glucopyranosides compared to the corresponding aryl deriva- tives. 24) Meanwhile, the commercial cellulase used in this study is known to also include b-glucosidase 25) which was most likely to catalyze cleavage of the b-glucosidic bond of VI. Since b-glucosidase has been reported to efficiently catalyze the hydrolysis of 4-methyl or 2-chlorophenyl b-glucopyranosides, 26) the ease with which II was released from VI but not from VII may imply that the chemical structure of the sugar moiety controls the enzymatic hydrolysis.
The oxidative desulfuration of phosphorothioate is one of the pathways known in/on plants. 2) Since I shows significantly little UV absorption at lϾ290 nm and its direct photolysis in water is slow, 13) the photo-induced formation of its oxon (IV) is considered most unlikely. One possible mechanism of desulfuration would be some reaction with active oxygen species but it is considered to be insignificant when I is dissolved into the wax layer of lettuce leaves. In fact, oxon derivatives have been detected for some phosphorothioate pesticides but only in significantly small amounts (Ͻ1%). 3, 27, 28) 
